The mature pertactin protein (P.69) of Bordetella pertussis can be isolated from the bacterial cell surface as a polypeptide with an apparent molecular mass of 69000 Da as determined by sodium dodecyl sulphate gel electrophoresis. However the open reading frame of pm, the pertactin gene, encodes a polypeptide with a predicted molecular mass of 93478 Da, referred to as P.93. Expression of the prn gene in Escherichia coli leads t o the synthesis of the full-length P.93 polypeptide, which is rapidly processed to the mature P.69 protein located a t the cell surface. The P.93 precursor polypeptide is processed at both termini. A 34 amino acid long signal sequence is removed from the amino-terminus and a polypeptide sequence of about 30000 Da (P.30) is cleaved from the carboxy-terminus. Deletion of the 3' region of pm, encoding P.30, results in the expression of an intracellular form of P.69. Antiserum which recognizes P.30 was raised using synthetic peptides based on the primary amino acid sequence of the region. This anti-P.30 serum was used in a Western blot analysis of fractionated cells of B. pertussis and E. coli harbouring the intact pm gene. The P.30 polypeptide was readily detected in outer membrane fractions prepared from both of these bacterial species, although it could not be shown to be exposed at the cell surface.
INTRODUCTION
Members of the genus Bordetella are pathogenic, Gramnegative bacteria that can cause respiratory tract infections in mammalian species. Bordetella pertzlssis and B. paraperttrsszs are pathogenic for man whereas B. broncbiseptica causes infections in a number of domestic animal species (Goodnow, 1980) . The bordetellae colonize their hosts by attaching to the mucosal surfaces in the upper respiratory tract, where they produce a variety of surface-associated and secreted molecules which contribute to their pathogenicity. These products are involved in adhesion to eukaryotic tissues, evasion of host defences and toxicity towards the host (Weiss & Hewlett, 1986; Sandros & Tuomanen, 1993) . Some of these secreted products, including pertussis toxin (Nicosia e t al., 1986) , adenylate cyclase (Glaser et al., 1990) , pertactin (Charles e t al., 1988) and filamentous haemagglutinin (Relman e t al., 1990) , have been characterized in some detail at the molecular level. Much of this work has been motivated by the search for potentially protective antigens that can be considered for inclusion in acellular whooping cough vaccines (Ad Hoc Committee for the Study of Pertussis Vaccines, 1988; Rappuoli e t al., 1991) .
The pertactins are a family of surface-associated proteins produced by bordetellae which can induce protective immunity in a variety of model systems when administered as subunit vaccines (Montarez e t al., 1985 ; Shahin e t al., 1990; Romanos e t al., 1991 ; Roberts e t al., 1992 ; Charles e t al., 1993) . Experimental evidence indicates that they play a role in attaching the bordetellae to eukaryotic cells (Leininger e t al., 1991 (Leininger e t al., , 1992 Roberts e t al., 1991) . The pertactin polypeptides were named initially after the observed mobility of the species-specific polypeptides on denaturing polyacrylamide gels. Pertactin from B. pertassis was named P.69 (Montarez e t al., 1985; Charles e t al., 1988) , from B.parapertzl.rsis, P.70 (Montarez etal., 1985; Li et al., 1990) and from B. broncbiseptica, P.68 (Montarez e t al., 1985; Li e t al., 1992) . The proteins can be purified from these organisms and the homogeneous preparations exhibit similar molecular masses on denaturing gels. The expression of the pertactin gene family is under the control of the bug global regulatory system in the bordetellae (Charles e t al., 1988; Arico e t al., 1989) . bvgregulated promoters express poorly in the absence of the bug locus, hence expression of the full-length genes in heterologous hosts requires the use of a functional promoter (Makoff et al., 1990) . Expression studies, using the full-length prn genes of B. pertassis (Charles e t al., 1988) , B. bronchiseptica (Li e t al., 1992) and B. parapertassis (Li e t al., 1990) , have shown that proteins of between 93 and 95 kDa can be readily detected in cell extracts and that these precursors are rapidly processed to the mature products. Interestingly, we have shown that when pertactin P.69 is expressed from the untruncatedprn gene in heterologous hosts such as salmonellae, the mature protein can be detected at the surface of these cells (Strugnell e t al., 1992) . To date it has not been possible to identify the cleaved P.30 product in B. pertzlssis cells since anti-pertactin antisera only recognized the P.69 domain of the protein.
At present there is no known role for the P.30 carboxyterminal domain of the pertactin protein precursors. The fate of P.30 is unclear and it is not known if it has a role in the export of the mature pertactin polypeptide to the bacterial cell surface. Here we report that P.69, expressed directly as a mature protein from a truncated prn gene lacking the region encoding P.30, is not detectable at the cell surface. In addition we show that P.30 can be detected in the outer membrane of B. pertzlssis and E. coli cells when expressed as part of the full-lengthprn gene.
METHODS
The pertactin genes from B. pertnssis (Charles e t al., 1988) , B. parapertwsis (Li et al., 1992) and B. bronchiseptica (Li e t al., 1992) have been cloned and characterized in sequencing and expression studies. Although pertactins can he detected and purified from the surface of the bordetellae as single polypeptides of molecular mass close to 70 kDa, their respective genes were found to contain open reading frames encoding considerably larger polypeptides, with predicted molecular masses close to 95 kDa. Part of the coding capacity of the genes, known as prn, can be accounted for by an amino-terminal signal sequence. However, amino-terminal analysis of mature proteins has shown that these signal sequences are only 34 amino acids in length (Capiau e t al., 1990; Makoff et al., 1990) .
Interpretation of molecular size is further complicated because the pertactin polypeptides migrate aberrantly in sodium dodecyl sulphate polyacrylamide gels (SDS-PAGE). The true molecular mass of the P.69 polypeptide, determined by expressing defined fragments ofprn and by carboxy-terminal analysis of purified P.69, is about 60 kDa. Therefore, polypeptides of approximately 30 kDa (P.30) are cleaved from the carboxy-terminal of the pertactin precursors (P.93) to generate the mature proteins (P.70, P.69 and P.68).
Bacterial strains and growth conditions. E. coli K12 TG1 and D1210 (Davis e t al., 1980) were used for propagation of plasmids. E. coli strains were routinely grown in L-broth or on L-agar (Davis e t al., 1980) supplemented with antibiotics where appropriate. Antibiotics were used at a concentration of 100 pg ml-'. Minimal medium was prepared as described in Davis e t al. (1980) . B. perttlssis strains BBC26 and BBC44, aprnnegative mutant of BBC26 (Roberts e t al., 1991) , were cultured on Cohen-Wheeler (CW) agar (Cohen & Wheeler, 1946) supplemented with 10 YO (w/v) defibrinated horse blood and streptomycin. Isopropyl P-D-thiogalactopyranoside (IPTG) was obtained from Sigma and was used at a final concentration of 20 mM.
Immuno-electron microscopy. Bacteria were prepared for and analysed by electron microscopy as previously described (Strugnell e t al., 1992) . E. coli cells were treated, before or after embedding, with the P.69-specific monoclonal antibody F6E5. Attached antibody was detected by adding rabbit anti-mouse antibodies tagged with 10 nm protein A-gold particles (Bioclinical Services).
SDSPAGE, Western blotting and DNA manipulations.
Polypeptides were separated using SDS-PAGE according to the method of Laemmli (1970) . For Western blotting, gelassociated protein samples were electrophoresed onto nitrocellulose membranes (Towbin e t al., 1979) and probed with P.69-specific monoclonal antibody BB05 (Montarez et al., 1985) . After addition of a rabbit anti-mouse immunoglobulinhorseradish peroxidase conjugate, at a concentration of 1 /lo00 Additional smaller polypeptides which were recognized by the P.69-specific monoclonal antibody BB05 were also present in samples prepared from cells which encoded the p m gene. These polypeptides have been shown previously, using microsequencing analysis, to be produced by degradation of pertactin, which is extremely sensitive to proteolytic digestion (Charles e t a/., 1988).
(DAKO), the bands were visualized using the chromogenic substrate 4-chloro-l-naphthol (Sigma). All enzymes employed for the manipulation of DNA were used according to the manufacturer's instructions or following procedures described in Maniatis et al. ( 1 982).
Peptide synthesis. The following peptides were synthesised using an Applied Biosystems peptide synthesiser (model 481). The sequences correspond to regions within the carboxyterminal region of P.93 (Charles et al., 1988) . pepP.30-439
LGELRLNPDAGGAWGRFAQ (residues 6-24) ; pepP.30-440 FLEPQAELAVFRAGGGAYRA (residues 150-1 69) ; pepP.30-441 SKGPKLAMPWTFHAGYRY SW (residues 269-288) ; pepP.30-442 LGGLAGYTRGDRGFTGDGGG (residues 65-84). Peptides were coupled to keyhole limpet haemocyanin and used to immunize mice. The mice were immunized on at least three occasions, at weekly intervals, and serum was harvested several weeks after the initial immunization.
Fractionation of bacterial cells. E. coli strains were cultured overnight in minimal medium, harvested by centrifugation at 3362 g for 10 min in a Heraeus 2.OR centrifuge and the pelleted cells were resuspended in 10 mM sodium phosphate, pH 7.2 (ENV buffer). B. pertussis strains were cultured for 2 d on CW plates and harvested into ENV buffer in a similar manner. Bacterial cells were disrupted by sonication using 3 x 30 s bursts of sonication, followed by 30 s periods of cooling. Unbroken cells, large cellular debris and insoluble material were pelleted by low-speed centrifugation at 3362g for 10 min. Inner-and outer-membrane-enriched fractions were harvested by highspeed centrifugation, at 1OOOOOg for 45 min, in a Beckman 70.1 Ti rotor. The supernatant containing the cytosolic, extracellular and other soluble components was also harvested. The membrane pellet was resuspended in ENV buffer containing 1 % (w/v) sodium lauroyl sarcosinate (Sarkosyl) and incubated at room temperature with frequent vortexing to solubilize the inner membrane. The insoluble outer-membrane fraction was re-pelleted by ultracentrifugation at 100 000 g for 90 min, the supernatant was removed and the pellet resuspended in ENV buffer.
RESULTS

Construction of plasmids encoding pertactin derivatives in E. coli
The construction of the plasmids pAYL1 and pZYL2, which direct the expression of P.93 from the intact p m gene and P.69 from a truncated prn gene, respectively, is shown in Fig. 1 . The full-length prn gene comprises an open reading frame of 2730 bp capable of expressing a mature protein of 93447 D a (Charles etal., 1988) . In order to construct a plasmid capable of driving the expression of P.93 in E. culi, the full-lengthpm gene was cloned into the trc-promoter expression plasmid pKK233-2 (Amman & Brosius, 1985) as an AfEIII-Hind111 fragment (Fig. 1) . The AflII site of pMLU5 overlaps the ATG initiation codon of the prn gene. Ligated DNA was transformed into E. culi TG1 and selected on minimal medium. A plasmid with the desired structure was isolated and named pAYLl. E. culi TG1 bacteria harbouring pAYLl grew IP: 54.70.40.11
On: Sun, 30 Dec 2018 11:08:24 P.30 of pertactin more slowly than their plasmid-free parents in rich medium so the strains were propagated in minimal Casamino acid medium, where the trc promoter was likely to be more efficiently repressed. pAYLl could be stably propagated under these conditions even though there was still considerable expression of Prn even in the absence of IPTG. However, incorporation of IPTG into the medium, at concentrations sufficient to induce the tre promoter, was lethal to E. coli bacteria harbouring pAYL1.
A second plasmid, pZYL2, containing a truncated prn gene lacking the P.30 carboxy-terminal domain of P.93 but still encoding the natural signal sequence, was generated from pAYLl . A BgllI-BamHI fragment from pPERtac7 (Makoff e t al., 1990) was cloned into pUC18 to generate plasmid pUC69 (Fig. 1) . A SacI-Hind111 fragment encoding the P.69 open reading frame, complete with the signal sequence but lacking the P.30 coding region, was purified from pUC69 DNA and ligated into SacI-HilzdIII-digested pAYLl to generate pZYL2.
Cellular localization of pertactin-derived polypeptides expressed in E. coli
P.69 pertactin, expressed in E. coli TG1 from a truncated prn gene lacking the signal sequence and P.30 carboxyterminal region, accumulates in the cytoplasm (Charles e t al., 1988) . The cellular location of the pertactin derivatives expressed by E. coli TG1 bacteria harbouring either pAYLl or pZYL2 was determined using a number of different approaches. Initially bacteria were examined for their ability to agglutinate in the presence of anti-pertactin monoclonal or mono-specific polyclonal antisera. These antibodies recognize the mature P.69 form of pertactin and not the P.30 domain (Montarez e t al., 1985) , E. coli TG1 cells harbouring pAYL1, but not pZYL2, were readily agglutinated with either monoclonal or polyvalent anti-P.69 antibodies. When both TG1 derivatives were subjected to heat shock at 56 "C for 30 min mature P.69 pertactin could be shocked off the surface of TG1 (pAYL1) but not TGl(pZYL2) or D1210(pZYL2) cells (results not shown). This indicates that pertactin is located at the surface of TGl(pAYL1) but not TGl(pZYL2) cells.
To analyse these observations further, E. coli TG1 cells and derivatives harbouring pAYLl or pZYL2 were fractionated as described in Methods and the cell fractions were analysed using SDS-PAGE and Western blotting with the anti-P.69 monoclonal antibody BB05. In TG1 (pAYL1) whole-cell preparations it was possible to detect both the P.93 and P.69 forms of pertactin using Western blotting (Fig. 2) . P.93 was only detected in whole-cell preparations whereas P.69 was detected in cell envelope fractions. TG1 (pZYL2) cells expressed only mature P.69. Examination of TG1 (pZYL2) cell fractions was complicated by the presence of insoluble P.69 polypeptide, in the form of inclusion bodies. In an attempt to overcome this problem, plasmid pZYL2 was transformed into E. coli strain D1210. In this strain the level of P.69 expression in uninduced cells was lower; inclusion bodies were not detected and P.69 was exclusively associated with the cell envelope (data not shown).
The above results support the hypothesis that mature P.69 pertactin is surface-exposed in E. coli(pAYL1) but not E. coli(pZYL2) cells, although it is envelope-associated in both strains. Further support for this hypothesis was obtained using fluorescence microscopy. Intact TGl(pAYL1) but not TGl(pZYL2) or D121O(pZYL2) cells exhibited surface-associated fluorescence when treated with BB05 monoclonal antibody and a fluorescence-labelled pig anti-mouse antibody (results not shown).
Immuno-electron microscopic localization of pertactin
E. coli TG1, E. coli TG1 (pAYL1) and E. coli TG1 (pZYL2) bacteria were prepared for microscopy as described in Methods and intact and sectioned cells were labelled with the monoclonal antibody F6E5 followed by colloidal gold-labelled anti-mouse serum. The results obtained are shown in Fig. 3 . Sectioned cells of E. coli TGl(pZYL2) exhibited heavy labelling in the cytosol and some of the protein appeared to be in the form of inclusion bodies. No association of labelling with the cell surface of intact bacteria was detected with this strain. In contrast, both sectioned and unsectioned TG1 (pAYL1) cells were heavily labelled at the cell surface.
Cellular location and fate of the carboxy-terminal P.30 domain of P.93
To determine the fate of the carboxy-terminal P.30 polypeptide, antiserum was raised which recognized this domain, using synthetic peptides corresponding to regions of the primary amino acid sequence of P.30. Peptides were coupled to KLH and post-immune serum was monitored for its ability to recognize P.93 expressed from pAYLl in Western blots. Sera obtained from mice immunized with peptides pepP.30-439 and pepP.30-442 reacted with a P.93 fusion polypeptide (Charles e t al., 1988) ; the serum from mice immunized with the former peptide had the highest titre. This P.30-specific serum was then used to follow the fate of P.30 in E. coli and €3. perttcssis when expressed from the intact p m gene. Cells were probed with pertactin-specific monoclonal antibody F6E5 and immunogold as described in Methods.
On: Sun, 30 Dec 2018 11:08:24 1. C H A R L E S a n d O T H E R S Fig. 4. Localization of pertactin-derived P.30 in B. pertussis and  E. coli. (a) Track 1, B. pertussis BBC26 whole cells; track 2 from E. coli TG1 or TGl(pAYL1) and from B. pertzissis BBC26 and BBC44 (a prn-negative mutant of BBC26). Anti-P.30 serum failed to react with any polypeptides in E. coli TG1 or BBC44 cells in Western blots. However in both B. pertzissis BBC26 and E. coli TG1 (pAYL1) cells the antiserum reacted with a polypeptide of approximately 32 kDa. This corresponded to the expected size of the carboxy-terminal domain of pertactin. Interestingly, this polypeptide was enriched in the outer-membrane fraction of both B. pertzissis and E. coli TGl(pAYL1) cells. Also relatively large amounts of a polypeptide of approximately 32 kDa were visible in Coomassie-blue-stained gels of the outer-membrane fractions of TG1 (pAYL1) and BBC26 but not TG1 or BBC44 cells (Fig. 2) . Attempts were made to demonstrate exposure of P.30 at the cell surface with anti-P.30 serum, by using cell agglutination or ELISA on microtitre plates coated with whole bacteria, but these were not successful.
DISCUSSION
The pertactin protein of B. pertzissis has been implicated in the attachment of these organisms to human cells (Leininger e t al., 1991 ; Roberts e t al., 1991) and is being considered for inclusion in novel acellular whooping cough vaccines (Rappuoli et al., 1993) . Pertactin was originally identified as a polypeptide with an apparent molecular mass of 69 kDa using SDS-PAGE analysis and Western blotting, but sequencing of the gene revealed an open reading frame encoding a polypeptide of 93478 Da (Charles et al., 1988) . In this report we have described expression studies carried out in E. coli using the fulllength p m gene and truncated derivatives. By employing specific antisera, which recognize different regions of the pertactin open reading frame, we have shown that, in addition to mature P.69 pertactin, a 30 kDa polypeptide derived from the carboxy-terminal domain of thepm gene can be detected in both B. pertztssis and E. coli cells. However this expression was only obtained when driven from the intact gene. Further, expression in the heterologous host E. coli using the intactpm, but not a truncated form of the gene lacking the carboxy-terminal domain, leads to the accumulation of mature P.69 pertactin at the cell surface. The carboxy-terminal P.30 fragment was associated with the outer membranes of E. coli and B. pertussis when expressed as part of the prn open reading frame, although we were unable to demonstrate that P.30 is exposed at the bacterial surface using the anti-syntheticpeptide serum. This might merely reflect an inability of the antiserum to recognize a native conformational form of P.30, or alternatively the synthetic peptides selected may not represent surface-located regions of P.30.
Pertactin falls into the small group of proteins that can be secreted directly across both the inner and outer membranes of E. coli and reach the bacterial cell surface. Mature P.69 was detected at the cell surface of E. coli TG1 only when the full-lengthprn gene was used. The presence of the pertactin signal sequence did not appear to be sufficient to direct the mature P.69 protein to the E. coli cell surface although the protein was associated with the cell envelope. At this stage it is not clear if the P.30 carboxy-terminal domain plays an active role in targeting PA9 to the cell surface. Carboxy-terminal domains of secreted virulence factors produced by other Gramnegative bacteria such as the IgA proteases of Neisseria gonorrboeae (Pohlner e t al. , 1987) and Haemopbilzis inflzienpae (Poulsen e t al., 1989) , and the elastase of Psezidomonas aerziginosa (Kessler & Safrin, 1988) , have been shown to play an active role in the targeting of these proteins. Comparison of the amino acid sequences of P.93, P.69 and P.30 with those of the IgA proteases, elastase and haemolysin did not reveal any significant homology. Unlike the a-haemolysin protein of E. coli, pertactin does not appear to require any specific accessory proteins to enable secretion to occur efficiently. Further experiments will be required to determine the role, if any, of the P.30 region in pertactin secretion.
Since no specific serum has been available, it has been impossible previously to determine the fate of P.30 in either B. pertussis or E. coli cells. It was surprising to find that the domain is associated with the outer membrane of these bacteria and is present in considerable quantities, even in natural B. pertzissis cells. P.69 can be readily purified from B. pertzissis free of P.30, and pure P.69 has been shown both to act as an adhesin (Leininger e t al., 1991) and to be effective as a subunit vaccine against aerosol challenge of mice with B. pertzis.uk (Shahin et al., 1990; Romanos e t al., 1992; Roberts et al., 1992) . The function of P.30 within the cell envelope remains unclear.
P.30 of pertactin
The polypeptide does contain an arginine-glycine-aspartic acid motif, commonly found on integrin binding proteins (Hynes, 1992) but such a role has not been proven for this region of P.30. Indeed P.30 may play no role in attachment to eukaryotic cells, although this possibility is worth investigating. In addition further characterization of this region may help whooping cough vaccine development.
Pertactin P.69 is one of a family of closely related proteins expressed by the bordetellae. Pertactins are detected as P.69 in B. perttlssis, P.70 in B. parapertassis and P.68 in B. bronchiseptica (Montarez e t al. , 1985 ; Li et al., 1992) . Sequencing of these genes has shown that they all contain an open reading frame encoding a larger precursor polypeptide of similar size. Thus it appears that the structure of these genes is highly conserved in the bordetellae. In fact the carboxy-terminal region is the most highly conserved region between the pertactins from the three Bordetella species (Li e t al. ,1992) , suggesting that the function of this region is very important. The reason and process by which the pertactin precursor protein is cleaved is not known, although a number of potential protease cleavage sites have been identified in the sequence (Makoff e t al., 1990) . Interestingly, when P.69 pertactin was expressed using the intact p m gene in the eukaryotic baculovirus system a similar processing of P.93 to P.69 was observed (Charles et al., 1993) . Thus it is possible that the cleavage of pertactin precursor is effected by a general protease activity or alternatively the protein may be auto-proteolytic. Further analysis will be required before we can determine the roles of the various domains of the pertactin proteins in secretion, pathogenicity and immunitv.
